Abstract Cephalopod beaks retrieved from stomachs of dead emperor penguin chicks at Pointe Géologie, Terre Adélie, provide information on taxonomic and size composition of the penguin's squid diet, on the trophic range of the squid species preyed upon and on the fractional trophic impact of the penguin on the whole food web. Emperor penguins prey upon four squid species (Psychroteuthis glacialis, Kondakovia longimana, Gonatus antarcticus, Alluroteuthis antarcticus) and do not take squid larger than 480 mm mantle length. Larger squid live either below the penguin's diving range or are beyond its handling capacity. Nitrogen stable isotope ratios indicate that squids cover a range of about two trophic levels (2.5-8& d 15 N). The impact of the emperor penguin, however, concentrates on the upper part of this range, about 68% of its squid prey being >6& d 15 N. The principal components of the emperor's diet, fish, krill and squid, differ distinctly in average trophic level. Consequently the trophic position of the emperor penguin changes accordingly with diet composition and may differ by almost one trophic level between different emperor penguin colonies.
Introduction
Cephalopods play an important role in the ecology of the Southern Ocean, having been identified as key species in the diets of many higher predators, including penguins, various seabird species, seals, cetaceans and fish (Collins and Rodhouse 2006 and References therein) . Cephalopod beak samples from predator stomachs provide information on the trophic position of cephalopods in the Antarctic food web and on their migration patterns and ontogenetic dietary shifts (Cherel and Hobson 2005) . Therefore, studies of predator diet and foraging are a major source of information on Southern Ocean cephalopod species composition and distribution (Clarke 1980; . Among the Antarctic penguins the deeper diving king and emperor penguins are thought to consume significant quantities of cephalopods (Williams 1995) . Antarctic top predators such as emperor penguins catch larger specimens and a greater diversity of squid than fishing trawls during research cruises (Rodhouse 1990) . The share of squid in the emperor penguin diet, however, is subject to substantial geographical variation, ranging from 3% at Pointe Géologie to 69% (wet mass) at Taylor glacier colony (Offredo and Ridoux 1986; Klages 1989; Gales et al. 1990; Robertson et al. 1994; Pütz 1995; Cherel and Kooyman 1998) and 74% in diet samples collected in the Weddell Sea ). Comprising about 3,000 breeding pairs, the emperor penguin colony of Pointe Géologie is average sized among the 46 documented colonies (Woehler 1993; Mellick and Bremers 1995; Messick et al. 1999; Coria and Montalti 2000; Todd et al. 2004) . So far, feeding and alimentation of emperor penguins were studied once in this colony some 20 years ago (Offredo et al. 1985) , a good reason to conduct our dietary study at this breeding site.
Here, we use cephalopod beaks collected from stomach samples of dead emperor penguin chicks at the Pointe Géologie colony (a) to analyse species inventory, size and body mass distribution of the emperor penguin's cephalopod prey, (b) to reconstruct cephalopod trophic ranges in the Dumont d'Urville Sea food web, and (c) to estimate the trophic impact of the emperor penguin on the cephalopod community.
Materials and methods

Field sampling
Field work was conducted at the Pointe Géologie emperor penguin colony (66°40¢S, 140°01¢E), near Dumont d'Urville (DDU) station in Adélie Land, between November 3rd and December 16th 2004, and between September 25th and November 11th 2005. About 3,000 pairs of emperor penguins breed in this colony. Its size has remained constant since the early 1980s (Barbraud and Weimerskirch 2001) . At this stage of the chick-rearing period, when chicks are 2-4 months old, the most intensive feeding occurs (Mougin 1966; Isenmann 1971) . The colony was monitored regularly for chick carcasses and entire stomachs (n = 20 in 2004; n = 12 in 2005) were collected by dissection within 24 h after demise. Sampled stomachs were kept frozen until further analysis.
Laboratory methods
Stomach contents were sieved through a mesh size of 200 lm to collect all relevant dietary remains. Cephalopod beaks and fish otoliths were stored in 70% ethanol. We identified cephalopod species by comparing the lower beaks to a reference collection held at IFM-GEOMAR, Kiel and by reference to Clarke (1986) . Lower rostral length (LRL) of the cephalopod beaks was measured with digital callipers (±0.1 mm). Small beaks (LRL < 2 mm) were measured by the stage micrometer installed in a stereo microscope. Dorsal mantle length (ML in millimetres) and wet body mass (in grams) were derived from LRL by means of published allometric relationships (Table 1) .
Stable nitrogen and carbon isotope signatures (d 15 N, d
13 C) of body tissue provide important information on trophic relations within an ecosystem. d 13 C is commonly used as a carbon source tracer (e.g. Lesage et al. 2001) , because it increases by £1& from one trophic level to the next (e.g. Peterson and Fry 1987; Michener and Schell 1994) . Thus it can provide information on the geographical origin of migrating organisms, too, whereas d 15 N is indicative of the trophic distance of an organism from the primary food source of the corresponding food chain (e.g. Adams and Klages (1987) G. antarcticus Mar Biol Rau et al. 1991 Rau et al. , 1992 Jacob et al. 2006) . Fractionation of d 15 N ranges between 1.4 and 3.3& per trophic level (Minagawa and Wada 1984; Post 2002; McCutchan et al. 2003) . We determined stable isotope ratios (both d 15 N and d 13 C) in a sub-sample of 65 beaks from the sampling year 2004 (n = 996 beaks from 20 chicks). No beaks from 2005 were analysed, because of the smaller number of samples (12 chicks) and in order to avoid differential storage effects on isotope ratios. Squid beak sub-samples were selected to represent the available size ranges of the four cephalopod (squid) species (see results). In Psychroteuthis glacialis ten beaks were selected randomly from the density maximum (median 10% of beaks) of the two modes of the beak size distribution (Fig. 1a) , in Kondakovia longimana ten beaks were selected randomly from the smallest 10%, the largest 10% and the medium sized 10% of beaks and in Gonatus antarcticus and Alluroteuthis antarcticus all beaks measured (n = 10 and n = 5 beaks, respectively) were analysed.
Prior to isotope analysis, samples were dried and ground to a fine powder using a pebble mill. Stable isotope analysis and concentration measurements of nitrogen and carbon were performed simultaneously with a THERMO/ Finnigan MAT Delta plus isotope ratio mass spectrometer, coupled to a THERMO NA 2500 elemental analyzer via a THERMO/Finnigan Conflo II-interface (GeoBio-Center at Ludwig-Maximilans-Universität, München). Stable isotope ratios are given in the conventional delta notation (d 13 C; d 15 N) relative to atmospheric N 2 (Mariotti 1984) and PDB (PeeDee Belemnite standard). Standard deviation for repeated measurements of lab peptone standard was <0.15& for nitrogen and carbon. Standard deviations of concentration measurements of replicates of our lab standard are <3% of the concentration analysed.
Trophic analysis
We used a full factorial analysis of covariance (ANCO-VA) to establish linear models of the stable isotope ratio (d 15 N, d 13 C) versus the squid species and the covariate LRL, after checking the data for normality and homogeneity of variances. In order to evaluate whether d 
Trophic level of emperor penguins at different breeding sites
In order to explore the relationship between diet composition (crustaceans, squid and fish as % of prey mass) and trophic level of emperor penguins, we compared data from seven different colonies, Amanda Bay (Gales et al. 1990 ), Pointe Géologie (Offredo et al. 1985) , Cape Roget and Coulman Island (Cherel and Kooyman 1998) , Auster Glacier and Taylor Glacier (Robertson et al. 1994 ) and the Drescher Inlet (Klages 1989) . Emperor penguin trophic level in each colony was calculated from diet composition and average trophic level of the three diet items by means of a mass weighted mean: 
where d 15 N crust = 3.5 (U. Jacob, unpublished data), d
15 N fish = 9.04 (U. Jacob, unpublished data) and d 15 N squid = 5.93 (this study, mass weighted mean) and 3.3 is the average tropic level step size (Minagawa and Wada 1984) .
Results
Cephalopod prey composition
Stomach content was sampled from 32 emperor penguin chicks at Pointe Géologie and contained fish and crustacean remains, cephalopod beaks and pebbles. Fish eye lenses of up to several hundreds per sample indicated that fish had an important share in the penguin diet. Few otoliths were found, all coming from Nototheniidae. Lower cephalopod beaks occurred in 31 of 32 stomach samples with a total number of 1, 327 (996 in 2004 and 331 in 2005) . The average number of beaks per chick stomach content was 41 ± 51 and did not differ significantly between 2004 and 2005 (P = 0.193, ANOVA of log10 transformed data). A total of 1,317 lower beaks could be allocated to species. These beaks were still uneroded or at least did not show severe signs of digestion, i.e. the rostrum was still sharp albeit with partly broken and abraded wings. We identified four cephalopod (squid) species, P. glacialis A total of 1,271 lower beaks were in sufficiently good condition to allow for measurement of lower rostrum length (LRL, Fig. 1 ). P. glacialis showed a distinct bimodal distribution of LRL, with one peak at 2-3 mm and a second one at 6-7 mm in both years. The LRL distribution of K. longimana was unimodal (7.09 ± 1.36 mm). The few beaks in G. antarcticus (6.20 ± 0.62 mm), and A. antarcticus (4.85 ± 0.96 mm) provided no clues on size distribution.
The corresponding mantle length ML amounted to 76 mm (left peak) and 251 mm (right peak) in P. glacialis, to a mean of 242 ± 51 mm in K. longimana, and to a mean of 222 ± 27 and 165 ± 34 mm in G. antarcticus and A. antarcticus, respectively. The corresponding wet body mass WM amounted to 10 g (left peak) and 322 g (right peak) in P. glacialis, to a mean of 384 ± 224 g in K. longimana, and to a mean of 233 ± 70 and 390 ± 201 g in G. antarcticus and A. antarcticus, respectively. The pooled frequency distribution of both mantle length and wet body mass were distinctly bimodal (Fig. 2) .
Trophic levels and trophic relations
Nitrogen stable isotope ratio of the four examined squid species was significantly affected by squid species and beak size, as indicated by the multiple linear model (Fig. 3a) :
where TaxonN = 1 for P. glacialis, G. antarcticus, A. antarcticus, and -1 for K. longimana. d 15 N values were indistinguishable in P. glacialis (range 4.68-8.02&, mean = 6.60 ± 1.06&), G. antarcticus (range 5.52-8.05&, mean = 6.88 ± 0.74&) and A. antarcticus (range 4.25-6.68&, mean = 5.55 ± 0.91&), but significantly lower in K. longimana (range 2.39-5.67&, mean = 3.67 ± 0.88&). Moreover, d 15 N decreased in K. longimana by about 1.2& from small to large beaks (Fig. 3a) .
Carbon stable isotope ratio of the four examined squid species was significantly affected by squid species and Table 1 beak size, too (Fig. 3b) , but not by beak C/N ratio (P = 0.493): In terms of d 15 N, the trophic spectrum of the four squid species combined covered a range from 2.5 to 8& (Fig. 4a) . This spectrum exhibited three peaks at approximately 3.5, 4.75-5 and 6.75-7&. Emperor penguins concentrated their feeding on the upper trophic range of their cephalopod prey. Squids with d 15 N above 6& contributed more than 68% to the squid body mass consumed by the penguins.
Trophic level of emperor penguins at different breeding sites
Emperor penguins trophic level clearly depends on its diet composition, as indicated by the ternary plot in Fig. 5 (Fig. 3) , and squid body mass was estimated from beak length by the species specific allometric relations (Table 1) Mar Biol
Discussion
Significance of squid in penguin alimentation at Pointe Géologie Inferring diet composition from chick stomach contents has some disadvantages. We do not know whether the chick stomach content is a true reflection of adult feeding, because regurgitation may involve a bias related to prey item size or taxon, and digestion rate may differ between prey items, as observed by Wilson et al. (1985) . Furthermore, the chick stomach content is in an advanced digestion state, making a quantitative weight based analysis difficult. These problems, however, do not seriously affect our analysis, because we do not aim at feeding rates, but on the composition of one particular prey group, squid. These are represented by their beaks which are more resistant to digestion than other hard part items such as fish otoliths in penguin diet (Pütz 1995) and thus reflect squid prey composition over a longer period of time.
The four cephalopod species identified in our chick stomach samples (P. glacialis, K. lonigimana, A. antarcticum, G. antarcticum) constitute the major squid prey of breeding emperor penguins all around the Antarctic (Offredo and Ridoux 1986; Piatkowski and Pütz 1994; Robertson et al. 1994; Cherel and Kooyman 1998) . The share of each species differs from colony to colony, P. glacialis usually being the most frequent one (Collins and Rodhouse 2006) . Other species, e.g. Galiteuthis glacialis, Moroteuthis ingens, Mesonychoteuthis hamiltoni or Histoteuthis sp. play a minor role in the emperor penguin diet (Offredo et al. 1985; Piatkowski and Pütz 1994; Robertson et al. 1994 ; but see also Ainley et al. 1992) .
It remains uncertain whether the emperor penguins exploit the full size range of squid present off Adélie Land during the breeding season because independent information on squid size (ML) range in this region is lacking (but see below). Nevertheless, the population of the most abundant prey species, P. glacialis, is assumed to consist of a juvenile and an adult cohort (Offredo et al. 1985 ), which appears to be fully represented by the bimodal beak sizefrequency distribution (Fig. 2) . This may be different in the larger K. longimana, of which specimens up to 16.4 mm LRL (588 mm ML) have been reported from Crozet Island waters ).
Offredo and Ridoux (1986) reported a 3% (wet mass) share of squid in the diet of emperor penguins at Pointe Géologie which is quite low compared to other colonies (up to 69%, Robertson et al. 1994) . Our findings of up to several hundred fish eye lenses in each chick stomach indicate that indeed finfish is of particular significance in the penguin diet at Pointe Géologie. Nototheniidae predominate, according to the otoliths found, as reported in earlier studies from this area (Offredo and Ridoux 1986) . We presume that the Antarctic Silverfish Pleuragramma antarcticum is the major fish prey, as reported from other colonies (e.g. Offredo and Ridoux 1986; Klages 1989; Gales et al. 1990; Cherel and Kooyman 1998) . Fig. 3a) indicates an ontogenetic shift in diet towards prey of higher trophic level, as observed in many marine predatory species (Cherel and Duhamel 2003; Phillips et al. 2003; Schmidt et al. 2003) . Small and/or juvenile squid have been found to consume mostly crustaceans; they switch to a fish-and cephalopod-based diet as they grow larger (Breiby and Jobling 1985; Lipinski 1987; Ivanovic and Brunetti 1994; Pierce et al. 1994; Collins and Pierce 1996; Coelho et al. 1997; Quetglas et al. 1999) . These changes in diet have been related to the energetic advantages of a fish diet compared to a crustacean diet (Pierce et al. 1994) , in addition to the simple principle that a wider size-range of prey is available to larger squid (Rodhouse and Nigmatullin 1996) .
Small individuals of P. glacialis have a trophic level slightly above euphausiids (about 3-5&, U. Jacob et al., unpublished data) , and large ones below pelagic fish ( ‡9&, U. Jacob et al., unpublished data). In K. longimana, however, d
15 N decreases with beak size, contradictory to common wisdom as well as to observations in this species at Crozet Island (Cherel and Hobson 2005) . We can only speculate how this isotope pattern and the overall low trophic level (Cherel and Hobson 2005 report a similar d 15 N range) of K. longimana may be explained. K. longimana is described as a pelagic predator (Lubimova 1985; Collins and Rodhouse 2006 ) feeding on zooplankton and micronekton (Nemoto et al. 1985) , with a strong preference for krill (Nemoto et al. 1985 (Nemoto et al. , 1988 Lu and Williams 1994) . Both large pelagic crustaceans and fish have similar or even higher trophic levels than K. longimana (U. Jacob et al., unpublished data) , only small pelagics such as copepods and pteropods would fit into the picture. Seasonal variability of krill d 15 N may play a role too. Frazer (1996) reported d 15 N values ranging from -2 to +5& d 15 N, mainly dependent on changes in the isotopic composition of algal food resources exploited by krill offshore along the west coast of the Antarctic Peninsula and in the Weddell Sea. Lacking further detailed information on the feeding habits of K. longimana, trophic relations of this species remain enigmatic.
The four cephalopod species taken as a whole cover a trophic range from 2.5 to 8& d 15 N, corresponding to about two trophic levels (Fig. 4a) . The lower end of the range is occupied by large K. longimana (see above), whereas large P. glacialis are positioned at the upper end. This is in accordance with their reported diet of mainly euphausiids, Nototheniidae and P. antarcticum (Kear 1992; Lu and Williams 1994; Collins et al. 2004) .
We found a significant increase in d 13 C with beak size in all four species (Fig. 3b) . This relation, however, should be taken with a grain of salt regarding A. antarcticus and G. antarcticus, because of the few values and small range of beak length data (Fig. 2) . Thus, two sound findings have to be discussed, the significant higher d 13 C in A. antarcticus and G. antarcticus compared to P. glacialis and K. longimana, and the significant increase of d 13 C with beak size in the latter two species. In the Southern Ocean bulk phytoplankton d 13 C varies geographically by about 10& (Goericke and Fry 1994) , and these differences should be traceable through the food web. Accordingly, the higher d
13 C values in A. antarcticus and G. antarcticus point towards migration from a remote location supplying a different plankton food base, either seasonal or ontogenetic, of these reportedly Antarctic and sub Antarctic (Collins and Rodhouse 2006) species. The comparatively lower d 13 C in small (young) P. glacialis and K. longimana indicate that these animals grew up in high-Antarctic waters. The increase of d 13 C with beak size, however, may be related to an ontogenetic shift in the diet-already indicated by the size related change in d 15 N-either to prey that undergoes seasonal migration, maybe coupled to the seasonal pattern in sea ice cover, or related to age dependent seasonal migration patterns (between pelagic, slope and shelf waters).
Trophic impact of the emperor penguin on the squid community Provided that our beak samples are representative for the emperor penguin's squid catch in the Dumont d'Urville Sea, than the penguins prey on squids between 40 and 480 mm ML (Fig. 2a) , i.e. between 2 and 1,272 g wet body mass (Fig. 2b) . Several Antarctic cephalopod species, however, can grow distinctly larger, e.g. K. longimana, A. antarcticus and M. hamiltoni. Specimens up to 1,000 mm ML have been reported from stomach contents of Patagonian toothfish (Xavier et al. 2002) , of southern bottlenose whales and sperm whales (Clarke 1980; Slip et al. 1995) , of southern elephant seal (e.g. Piatkowski et al. 2002) , and of wandering albatrosses who occasionally encounter surface drifting squid who lost neutral buoyancy (Lipinski and Jackson 1989) . From the positive correlation of diving depth (up to 564 m in penguins, up to 2,000 m in toothfish, whales and elephant seals) and squid size, Collins and Rodhouse (2006) conclude that larger squid live deeper and thus cannot be reached by emperor penguins. This, however, remains an open question because it may well be that there is a size limit to the prey handling capacity of emperor penguins.
The cephalopod prey of the emperor penguin covers a wide trophic range (2.5-8.0& d 15 N, Fig. 4a , mean mass weighted d 15 N = 5.9&, Fig. 4b ), but their predatory impact concentrates on the upper part of this range (68% > 6& d 15 N, Fig. 4b ). This is a consequence of squid species specific size range ( Fig. 1) and size-trophic level relationship (Fig. 3) . Assuming that average values for the trophic level of euphausiids (3.5& d 15 N, U. Jacob, unpublished data), P. antarcticum (9.0& d 15 N, U. Jacob, unpublished data) and squid (5.9& d 15 N, this study) are valid for the whole Antarctic, we can infer the trophic position of emperor penguins at different sites from diet composition (Fig. 5) . Trophic level is high when diet is rich in fish, and low when diet is rich in krill, and intermediate when squid plays a major role. Overall the trophic level of the emperor penguin can vary by 2& d 15 N between colonies, rather a full trophic step (±3.3& for protein rich diet, Wada et al. 1987; McCutchan et al. 2003) . So far, d 15 N has been determined in emperor penguins from the Weddell Sea only (U. Jacob, unpublished data), and this value, 10.28&, is slightly above our calculated value of 9.15&. Indeed this higher d 15 N value would be consistent with high proportions of fish and squid in stomach samples of emperor penguins collected in the marginal ice zone of the Weddell Sea . It remains to be seen whether direct measurement in other colonies confirm our findings. If so, then the flexibility in alimentation of the emperor penguin translates in distinct variability of its position in the trophic hierarchy, a feature that should be kept in mind when comparing food webs of different Antarctic regions.
Conclusions
Emperor chick stomach contents yield valuable ecological information far beyond just the penguin's diet. The combined taxonomic, morphometric and trophic (by means of stable isotope ratios) analysis of cephalopod beaks from chick stomachs provides otherwise inaccessible data on squid trophic ecology, including indications of migration patterns and ontogenetic shifts in diet. Moreover, it enables us to infer (qualitatively) the trophic impact of a particular emperor penguin colony on the squid community in its feeding area. Our approach might be developed further along a number of different lines: (a) it may be used to compare squid trophic ecology as well as penguin trophic impact between different regions/colonies; (b) coupling with models of penguin metabolism it will allow to estimate quantitative trophic impact on the squid community (i.e. consumption); and (c) one might explore whether fish otoliths can be used in a similar way. Finally, collecting of dead chicks and preservation of their stomach contents could form the base of a regular monitoring programme in easily accessible colonies, in order to track long-term changes in penguin as well as squid trophic ecology which may be indicative of climate change induced modifications of the Antarctic food web.
